The voltage and frequency stability issues of power systems are the main challenges that arise from high 4 penetration levels of wind energy systems. This paper presents an effective solution for voltage and frequency stability 5 problems by using superconducting magnetic energy storage (SMES) system controlled with fuzzy logic controller (FLC).
(SCIG) is selected as a case study in this paper because it represents the worst wind generation scenario. This is proposed SMES system and controller in both balanced and unbalanced distribution systems. From the above 5 discussion, the main contributions of this paper can be summarized as follows:
6
• This paper presents an effective solution for mitigating voltage and frequency stability problems based on 7 employing SMES system. The proposed system benefits the advantage of enhancing the voltage variation 8 of the distribution system to the specified acceptable limit (i.e., ±5% of the rated value).
9
• An improved controller design method for SMES systems is presented based on FLC method for damping 10 the overshoot and undershoot spikes of the system frequency due to the transiently speed variation of 11 high penetration level of wind power generation.
12
• The proposed system and controller are capable of improving the performance of three-phase balanced 13 and unbalanced distribution systems with considering the high wind speed variation and large unbalanced 14 loading conditions.
15
• The proposed solution has the advantage of reducing the grid reactive power required for the SCIG 16 excitation circuit by injecting the reactive power by the SMES. Therefore, the transmission line power 17 losses is reduced in accordance by local supply of the reactive power.
18
The remaining part of the paper is organized as follows: Section 2 introduces the voltage and frequency
19
problems impacted by wind power fluctuations. Section 3 details the modeling of the selected case study,
20
including the studied system, and the wind power generator. The voltage stability is related to the balance of reactive power loading and reactive power capability within 4 a power system. Voltage dips occur in the power system in case of reactive power unbalance. In a similar 5 way to the frequency stability problem, the unbalanced loading can lead to unbalanced voltage drop. This in 6 turn increases the current drawn by inductive loads and the rotor heating due to negative sequence magnetic 7 flux. This flux generated in the stator opposite to the rotor rotation induces negative sequence voltage on the 8 shorting bars. Thence, negative sequence short-circuit current flows in the rotor. Moreover, the false operation 9 of protective devices may trip the system due to the high resultant current flowing in the neutral line at earth 10 fault. These factors directly increase the required reactive power support. considers the system data of loads and line impedances as given in [34] . This case study of the power system is 24 studied under two conditions 1) balanced loading, and 2) unbalanced loading. The case study of the unbalanced Table 2 and Table 3 , respectively. The initial state of 29 charge (SoC) of the SMES system is assumed to be 50% of its maximum value (320 kJ). The SCIG is selected as wind turbine generation system in the studied case. Figure 2 shows the complete 32 system of the wind power generation. A capacitor bank is normally connected to the SCIG system in order to 33 inject the required reactive power for improving its power factor. The generated wind power of the turbine can 34 be determined using (1) as follows [35] : Figure 1 . The selected case study of IEEE 33-bus radial distribution system. where A represents the area covered by the rotor, ρ is the air density, υ denotes to wind speed, C p is the 1 coefficient performance of the turbine, λ represents the tip speed ratio of the rotor blade tip speed to wind speed, 2 and β is the blade pitch angle (in degree). The pitch angle control method can be employed for stabilizing the 3 generator output power to an acceptable limit during high wind speeds. In the pitch angle control method, the 4 pitch angle is preserved at zero degree if the measured output power is lower than its nominal value. Whereas, 5 the controller increases the pitch angle to maintain the measured output power to its nominal limit if the output 6 power increased. The coefficient C p (λ, β) of SCIG wind power generation is given using (2) as follows [36] :
where λ i can be computed as follows:
where the coefficients values of C 1 to C 6 of the selected case study are given in [37]. 
SMES system and modeling

20
The SMES system consists of the superconducting coil (SC) as a magnet, cryogenic refrigerator, cryostat/vacuum 21 vessel to preserve the coil in the superconductivity state, and a cooling protection system. The power condition- over, the bi-directional VSC is employed to interface the SMES with the distribution system, and to control 29 their energy exchange. The bi-directional VSC is controlled using the synchronous d-q reference frame, which 30 is detailed in [38, 39] . The stored energy and the output power of SMES are calculated using (4), and (5), 31 respectively, as follows:
where The proposed FLC method is employed for improving the SMES control behavior so that the SMES can smoothly 4 perform the charging and discharging operations with the electrical distribution system. Moreover, the proposed 5 enhanced FLC method considers simple implementation with using only two inputs and one output membership 6 functions (MFs). The first input is the variation of wind speed, which is the difference between actual wind 7 speed and the reference wind speed. Whereas, the second input is the change of SMES current which is the The SMES system is managed through the control signal from the proposed FLC method according to 
Results and discussion
13
The proposed SMES system and FLC method were implemented using Matlab program. The selected case study 14 is based on the IEEE 33-bus system as shown in Figure 1 . The SMES and SCIG wind turbine were installed at 15 the weak buses of the system (buses18 and 33). The impacts of SMES system for smoothing power generated 16 and enhancing frequency/voltage fluctuations were studied with intermittent of 30% wind penetration with 17 respect to system load power. Table 2 and Table 3 summarize the developed system parameters for the selected 18 case study. The system was tested at enormous variations of wind speed, which is shown in Figure 5 . Voltage 
11
The ability of the proposed system and controller to damp the power system overshoot and undershoot 12 spikes is shown in Figure 7 . It can be seen that the proposed FLC method has smaller overshoots and undershoots 13 than that without using SMES. This can be interpreted due to the high and fast response of the SMES system.
14 Moreover, the proposed system and controller are able to stabilize the power system faster than the traditional 15 power system without using the SMES. Therefore, enhanced frequency stability is achieved by installing the 16 designed SMES and the proposed FLC method. 
Analysis of unbalanced distribution system 1
The performance of the proposed SMES system and FLC method is also investigated with the unbalanced 2 distribution system. The unbalance condition is emulated through the unequal distribution of loads among the system. Additionally, the steady state value with installing SMES is stabilized faster than traditional power 6 systems without SMES. Therefore, the proposed FLC-SMES is feasible under unbalanced distribution systems 7 operation and the enhanced damping of frequency fluctuations of the power system is obtained.
8
The real and reactive power profiles of the SMES system are shown in Figure 12a , and the associated 9 SMES energy profile is presented in Figure 12b . It can be seen that the SMES can rapidly exchange power to is clear from Figure 12b that the SMES energy has not exceeded its maximum rated value during the charging 4 and discharging operations. Thence, the proposed SMES system can compensate the variation of frequency 5 profile of the selected case study at unbalanced distribution systems. The proposed FLC can also preserve 6 reliable operation of the SMES device according to its safe thermal and electrical constraints. Therefore, it can be concluded from the previous results and discussion that the proposed SMES system which result from the highly fluctuated nature of wind generation and load demands.
6
• The proposed SMES system and controller are capable of mitigating voltage and frequency stability 7 problems. The proposed system preserves specified acceptable limit (i.e., ±5% of the rated value) for the 8 PCC voltage variation of the distribution system.
9
• The proposed system and controller are beneficial for both balanced and unbalanced loads, which verify 10 the generality of the proposed system. 
